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Abstract 

The decoupling of scalar particles in split supersymmetry makes the spectrum 
of squarks irrelevant for low energy processes. Nevertheless, the structure of the 
vacuum is sensitive to the spectrum of squarks, even when the supersymmetry 
breaking scale is large. In this note, we show that in certain regions of the pa¬ 
rameter space, squarks could develop radiatively tachyonic masses, thus breaking 
electric charge and color. We discuss the constraints that follow from the require¬ 
ment of charge and color conservation, and we comment on the implications for 
model building. 
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1 Introduction 


Low energy supersymmetry stands since many years as the most attractive extension 
of the Standard Model. It provides not only a theoretically well motivated solution to 
the hierarchy problem, but also predicts the unihcation of the gauge couplings at a high 
energy scale P] and provides a promising dark matter candidate, the neutralino [2]. 
Despite the great interest of the supersymmetric extension of the Standard Model, it is 
not free of problems. It suffers from too large contributions to flavour changing neutral 
currents, CP violation and proton decay. Nevertheless, it is possible to circumvent 
all these problems by adjusting the parameters of the model, being the most simple 
solution to assume that squark and slepton masses are sufficiently large, at least for the 
hrst two generations. Above all, the most important drawback for the Supersymmetric 
Standard Model is the failure in the quest of the Higgs boson, predicted to be fairly 
light in its minimal version, the MSSM. To satisfy the experimental constraints, soft 
masses in the Higgs sector have to be somewhat larger than the electroweak scale, 
introducing a milder hierarchy problem. 

This milder version of the naturalness problem could be interpreted as an indication 
for physics beyond the Minimal Supersymmetric Standard Model. It could be allevi¬ 
ated, for instance, by extending the model with one extra singlet, solving at the same 
time the /i-problem [3]. A more radical attitude to the naturalness problem was re¬ 
cently advocated by Arkani-Hamed and Dimopoulos |3], and consists in just accepting 
a hne-tuning in the breaking of the electroweak symmetry, arguing that there already 
exists a second (and more severe) hierarchy problem in the Supersymmetric Standard 
Model, namely the cosmological constant problem. With this guiding principle, there 
is no reason to keep the scalar particles light, as long as an (unspecihed) mechanism 
can hne tune the Higgs vacuum expectation value to 246 GeV and the cosmological 
constant to ~ (10“^ eV)"^. 

The authors in mm also noted that making squarks and sleptons heavy provides a 
solution to the problems of Supersymmetric Standard Model, but does not necessarily 
destroy the successes. Keeping the gauginos and higgsinos at the electroweak scale, 
gauge unihcation is preserved and the neutralino is still a viable candidate for the dark 
matter of the Universe. Following Giudice and Romanino, we will call this scenario split 
supersymmetry: a scenario with light fermion masses and heavy scalar masses, except 
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for the Standard Model Higgs, fine tnned to yield a correct Z boson mass and a small 
cosmological constant. Recently, some of the low energy implications of this scenario 
have been discnssed, snch as electric dipole moments HZI, collider signatnres 


j, dark matter mm 


or 


Higgs physics and the electroweak symmetry breaking |5lf 
cosmic ray showers {12j . 

The deconpling of the scalar particles might snggest that the spectrnm of sqnarks 
and sleptons is completely irrelevant for the low-energy phenomenology. In this note, 
we wonld like to point ont that the strnctnre of the snpersymmetric vacnnm is indeed 
sensitive to the spectrnm of sqnarks and sleptons, even when the scale of snpersymme- 
try breaking is large. We will show that nnder certain conditions, radiative corrections 
conld indnce tachyonic stop masses, thns leading to charge and colonr breaking. The 
reason for this can be easily nnderstood from the well known mechanism of radiative 
electroweak symmetry breaking in the MSSM PI Radiative corrections from the top 
Ynkawa conpling can drive the np-type Higgs mass sqnared to negative valnes, thns 
breaking SU{2)l x f/(l)y. This is not normally the case for the stop mass sqnared, since 
the glnino radiative corrections indnce a positive contribntion to the mass sqnared that 
is nsnally large enongh to keep the stop mass sqnared positive. In split snpersymmetry 
the glnino mass is mnch smaller than the scalar masses, so this positive contribntion 
is no longer important, and in conseqnence there exists the possibility of generating 
radiatively tachyonic stop masses. In this note we will discnss the constraints that this 
imposes on the scenario of split snpersymmetry. 


2 Running of the squark masses 


Let ns consider hrst scenarios with low tan/?, so that only the top Ynkawa conpling 
is relevant. Later on, we will discnss scenarios with large tan/? for which the effects 
from the bottom and tan Ynkawa conplings also have to be taken into acconnt. The 
one loop renormalization gronp eqnations for the left and right handed stops and the 
np-type Higgs donblet read: 


dm^ 

tL 

dt 

dm^ 

tR 

dt 


1 

Ibvr^ 

1 


+ m]j^ + A^) 

^glMl + ^glMl - 2/^2+ Hi + H ’ 
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where t = log(M|^/Q^), Q is the renormalization scale and Mx is the scale at which the 
soft terms are generated, that we use as boundary condition to run the renormalization 
group equations. Inspired by the gravity mediated supersymmetry breaking framework, 
we will assume that the soft breaking terms are generated at the reduced Planck scale, 
Mp = Mpianck/V^ = 2.4 X GeV. 

The set of differential equations CD can be solved analytically dug. In the limit 
of split supersymmetry, gaugino masses are much smaller than the scalar masses, and 
the trilinear soft terms, being protected by the same R-symmetry that protects gaugino 
masses, are also expected to be much smaller than the scalar masses. Therefore, the 
analytical expression for the solution greatly simplihes, and reads: 


mfjt) 


= ^ ^ 


(dvr)^ D{t) 

,y(o) Fit) 




= (o)]> 


ii' 


= ™L(0)-3 


y(o) F{t),, 


(47r)2 D(t) 




( 2 ) 


where 


F{t)= fE{t')dt', (3) 

Jo 

D{t) = 1 + e'^Fit) (4) 

and 

E(t) ^ (1 + (1 + (1 + (5) 

being ( 6 i,& 2 ,& 3 ) = (33/5,1,—3) the coefficients of the beta functions for the gauge 
couplings. 

If the left-handed or the right-handed stop mass squared are driven to negative 
values before they decouple, the corresponding field will acquire a vacuum expectation 
value, thus yielding a vacuum where charge and colour are not conserved. This situation 
is clearly undesirable and to prevent it one has to require m~ (t~) > 0 and m~ (t~) > 0 , 
where t~ = log(M|^/m^) and m is the typical size of the soft terms. These conditions 
translate into constraints on the scalar mass spectrum, that otherwise is completely 
unconstrained by low energy experiments. 
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For definiteness, let us discuss first the limit in which the top Yukawa coupling is 
barely perturbative at the cut-off scale, i.e. the infrared fixed point scenario, recently 
revisited for the framework of split supersymmetry in uni- In this limit, squark masses 
quickly reach the fixed point (as long as fh < 10^® GeV), usually before the squarks 
decouple. The corresponding masses can be read from eqs. m by taking the limit 
ht{0) —> cx), or by substituting 

mm ^ 1 .g) 

(4ir)2D(«) 6^ ' ' 

The result is 

- mfjo)], 

~ - mfjO) - mf^(O)]. (7) 

The region of the parameter space allowed from the requirement of charge and colour 
conservation is shown in Fig^ The parameter space is span by the left and right handed 
stop masses squared relative to the up-type Higgs mass squared, whose absolute value 
we assume equal to m^. In the left plot we have assumed that the up-type Higgs mass 
squared is positive at the reduced Planck scale, so that the electroweak symmetry 
breaking is triggered by the familiar mechanism of dimensional transmutation. For 
this to happen, the soft masses at the high energy scale should satisfy the constraint 
~ (0) ~ (0) < 0- Notice that the requirement of positive stop masses 

squared is sufficient to guarantee the radiative breaking of the electroweak symmetry. 
In this case, we hnd that large areas in the region with > rn^ ~ are in conflict 
with the requirement of charge and colour conservation. On the other hand, if there 
is a mechanism that will eventually hue-tune the Z mass to a small value, one cannot 
exclude the possibility that the electroweak symmetry breaking is taking place already 
at Mp. It could happen that the breaking of supersymmetry gives rise to tachyonic 
up-type Higgs masses, thus leading to the breaking of the electroweak symmetry at tree 
level. In the case that the Higgs mass is already tachyonic to start with, the conditions 
m~ (t~) > 0 and ?7i~ (t~) > 0 would be easier to fulhll, as can be realized from FigHJ 
right plot. 

In a scenario with strict universality at the high energy scale, stops will not develop 
tachyonic masses. Nevertheless, the large mass splitting between the left-handed and 
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Figure 1: Allowed region in the stop parameter space from imposing the requirement 
of charge and colour conservation, in the infrared hxed point limit for the top Yukawa 
coupling. In the left plot, it is shown the case in which the up-type Higgs mass squared 
is positive at the cut-off scale, whereas in the right plot we assume that it is negative. 

the right-handed stops, that belong to the same 10-plet of SU{5), would spoil the 
successful prediction for gauge unihcation. 

As tan/? increases and one gets away from the top infrared hxed point, the top 
Yukawa coupling becomes smaller and the evolution of the squark masses squared to¬ 
wards negative values slows down. Therefore, the constraints on the squark parameter 
space that follow from the condition of charge and colour conservation relax. This is 
illustrated in Figl21for different values of tan/? and the soft supersymmetry breaking 
scale, m. Notice that for a hxed tan (3 the constraints are more restrictive as m becomes 
smaller. The reason is that the squark masses are running towards negative vales for 
longer, so it is easier to develop tachyonic masses. This behaviour holds as long as the 
gaugino masses are much smaller than m. For values of m close to the electroweak 
scale, i.e. the standard low energy supersymmetry breaking scenario, gaugino masses 
(particularly the gluino mass) can be large enough to stop the running of the squark 
masses squared towards negative values. One can estimate the size of the gaugino 
masses and m at which this happens from the full solution to eq.l^Q). Assuming for 
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simplicity that the trilinear soft terms vanish at Mp, one obtains: 


m~^ {t) = m~^ (0) + 

{ATiYD{ty 






0e(t) - Hsit)^ - 2 


hm F{t) 


:<.(0)+mi(0)+mfj0)i3) 


(47r)2D(t)^ ^ 

where e, /i, 2,3 and Hg are known fnnctions, independent of tan /?, that can be fonnd in 
the Appendix B of ref. m For m = lO^GeV, the resnlt can be approximated by 

1.7h?(0) 


mjfi) ~ m~j 0 ) 


1 + 10.4h?(0) 
3.5h?(0) 




['iT^HA^)+'iT^^iO)+rn^^{0)) + 3.5M^. 


(9) 


l + 10.4h|(0) 

In Figl2l lower right plot we show the allowed parameter space for the case with nni- 
versal gangino masses of M = 300 GeV. One hnds that a larger region is now allowed, 
even for the infrared hxed point scenario. For m = M, the whole parameter space in 
the plots, 0 < rri- ^ (0) < 3m^^(0), becomes allowed for any valne of tan/3. 

Therefore, from the point of view of charge and colonr breaking, scenarios of split 
supersymmetry with intermediate values for the soft masses ( 10® —10® GeV) are dis¬ 

favoured with respect to the conventional MSSM scenario with electroweak soft masses 
(~ 10® GeV), where the gluinos protect the stop masses from becoming tachyonic. 
Scenarios with very large soft masses (~ 10®® GeV) are also favoured, since the squark 
masses are running over a smaller energy range, and the renormalization effects are 
normally not large enough to generate tachyonic masses. This value is close to the up¬ 
per bound on the supersymmetry breaking scale in split supersymmetry of (!l(10®®GeV) 
for a 1 TeV gluino, coming from negative searches of abnormally heavy isotopes |3]. 
On the other hand, when the up-type Higgs mass squared is already negative at Mp, 
large regions of the parameter space also become allowed. 

Let us comment now on the situation in which tan/3 is large. Whereas the top 
Yukawa coupling does not change substantially as tan/3 increases, the bottom and 
tan Yukawa coupling indeed do, and their effects have to be taken into account. The 
allowed range for tan /3 is limited from above by the appearance of a Landau pole for 
the tan Yukawa coupling, which occurs at tan/3 ~ 94, 76 and 63 for m = 10®®, 10® 
and 10® GeV, respectively. In this range, the bottom Yukawa coupling always remains 
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Figure 2: Allowed regions in the stop parameter space from imposing the requirement 
of charge and colour conservation for different values of tan (3 and the supersymmetry 
breaking mass scale, m. The lower right plot corresponds to a situation approaching 
the conventional MSSM scenario, where the gaugino masses, M, start to be relevant 
for the analysis. 

perturbative until Mp, being the corresponding values at the cut-off scale /ife(O) ~ 2.8, 
3.4 and 6.9 respectively (notice that in split supersymmetry the prediction for bottom- 
tau unihcation is lost). In this regime, left-handed stop masses squared are driven to 
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Figure 3: Allowed region in the stop (left plot) and sbottom (right plot) parameter 
spaces from imposing the requirement of charge and colour conservation, in the infrared 
hxed point limit for the tan Yukawa coupling and for different values of the SUSY 
breaking mass scale, m. 

negative values faster than for intermediate values of tan/3, while the running of the 
right-handed stops is not modihed substantially. The effect of the bottom Yukawa 
coupling on the left-handed stop mass is not very important numerically, and the 
allowed region in the stop parameter space is similar to the case with intermediate 
values of tan/3, as can be realized from FiglHl left plot, where we show the allowed 
region in the stop parameter space for different values of the soft SUSY breaking scale, 
m, and for the value of tan /3 that corresponds to the infrared hxed point limit for the 
tan Yukawa coupling, tan/3^^^. 

The large bottom and tan Yukawa couplings could drive the sbottom and stau 
masses squared negative, giving rise to constraints on the sbottom and stau parameter 
spaces. Despite the bottom Yukawa coupling never reaches the Landau pole, it can be 
large enough to induce radiatively tachyonic masses for the sbottoms, particularly for 
the values of tan (3 corresponding to the infrared hxed point limit for the tan Yukawa 
coupling. This is illustrated in Fig|21 right plot, where we show the allowed region in 
the sbottom parameter space in this limit. On the other hand, since the tan Yukawa 
coupling can become very large, the constraints for the stau parameter space can be 
stronger. In the infrared hxed point limit for the tan Yukawa coupling, the constraints 
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Figure 4: Allowed region in the stau parameter space from imposing the requirement 
of charge conservation, in the infrared hxed point limit for the tan Yukawa coupling. 
In the left plot, it is shown the case in which the down-type Higgs mass squared is 
positive at the cut-off scale, whereas in the right plot we assume that it is negative. 

read 


mf(0) - m^^(O) - m|(0) > 0, 

3m~(0) — — m~(0) > 0. (10) 

As can be realized from hgEl the constraints on the parameter space from requiring 
positive stau masses squared at the decoupling scale are very strong. However, these 
constraints relax as tan/? decreases and practically disappear for small values of tan/?. 
If the particle content of the MSSM is extended with right-handed neutrinos in order to 
give masses to neutrinos, then the right-handed neutrino Yukawa couplings would also 
contribute to the running of the stau at energies larger than the decoupling scale of the 
right-handed neutrinos. If the neutrino Yukawa couplings are of order one, the running 
of the stau mass squared towards negative values would be considerably accelerated, 
and this would translate into stronger bounds on the parameter space, particularly for 
small values of tan /?, for which the tan Yukawa coupling is small. 
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3 Discussion 


We have shown that a split spectrum in supersymmetric theories is not enough to 
guarantee the phenomenological viability of a particular model. Although the decou¬ 
pling of squarks and sleptons guarantees the suppression of flavour changing neutral 
currents, CP violating effects^ and proton decay, it does not guarantee that the vac¬ 
uum is going to conserve electric charge and colour. When the scalar mass spectrum is 
non-universal, stops could acquire radiatively tachyonic masses, which is clearly an un¬ 
desirable feature. It is important to stress that despite universality of the scalar masses 
is a common assumption in analyses of the supersymmetry parameter space, this sit¬ 
uation is rather exceptional when constructing supersymmetric models. Most explicit 
scenarios of supersymmetry breaking predict non-universal scalar masses, where the 
analysis presented in this note is particularly relevant. 

Models with split supersymmetry probably require D-term supersymmetry break¬ 
ing. Although it is possible to obtain a split spectrum breaking supersymmetry giv¬ 
ing a vacuum expectation value to an F-term, this also breaks spontaneously the R- 
symmetry, usually generating gaugino masses and trilinear terms of the same order of 
the scalar masses. In contrast, D-term supersymmetry breaking does not lead to R- 
symmetry breaking. This renders vanishing gaugino masses and trilinear soft terms at 
lowest order, which constitutes an essential feature of split supersymmetry (to generate 
them it is necessary to add non-renormalizable operators in the Kahler potential). If 
supersymmetry is indeed broken by the vacuum expectation value of a D-term, the soft 
scalar masses are determined by the charges of the particles under a particular gauge 
group, normally generating a non-universal spectrum. Needless to say, the charges 
have to be arranged in such a way that tachyonic masses are not arising already at tree 
level (with the exception of the higgses, possibility that would lead to the breaking of 
the electroweak symmetry already at a high-energy scale). 

Some models with split supersymmetry have been constructed along this lines. The 
model of Babu, Enkhbat and Mukhopadhyaya na utilizes an anomalous U{1) sym- 

^ Although the contributions from the scalar superpartners to the electric dipole moments are very 
suppressed, the phases in the chargino and neutralino sectors can propagate at two loops to the 
Standard Model fermions, giving rise to contributions to fermion electric dipole moments that could 
be at the reach of future experiments EE! 
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metry and a gaugino condensate to trigger snpersymmetry breaking^. The anomalons 
U{1) symmetry is horizontal, thns providing also an explanation for the qnark and 
lepton masses and mixing angles. In this model, the different charges of the particles 
nnder the anomalous U{1) generates a scalar mass spectrum that is non-uni versa!. 
There are however some massless helds in the limit of global supersymmetry, namely 
the two Higgs doublets and the third generation of the 10-plet of SU{5) (they have 
to be neutral under the anomalous U{1) in order to reproduce the observed masses 
and mixing angles). These particles acquire masses of the order of the gravitino mass 
through supergravity corrections, and could also be non-universal if the Kahler poten¬ 
tial is non-minimal. 

A different class of models was proposed by Antoniadis and Dimopoulos and 
is based on type I string theory with internally magnetized D9 branes In the T-dual 
picture, the model can be described by intersecting branes, with broken supersymmetry 
when the branes are intersecting at arbitrary angles. In the four dimensional effective 
theory, the breaking of supersymmetry can be interpreted as a D-term supersymmetry 
breaking. Therefore, the different scalar fields will acquire masses that depend on the 
D-terms associated to the different U{l)s of the theory (or in the dual picture, on the 
magnetic fields in the compact dimensions). In general, the D-terms are different for 
each f/(l), leading to a non-universal spectrum. 

Finally, we would like to mention that in scenarios with split supersymmetry there 
exists a second threat for charge and colour conservation, namely the appearance of 
unbounded from below directions in the effective potential, that could lead to deep 
charge and colour breaking minima after including radiative corrections j2I]. Again, 
whether these directions appear or not depends on the spectrum on squarks and slep- 
tons, but not on the scale of supersymmetry breaking, therefore they could also arise 
in models with split supersymmetry^. Nevertheless, it has been argued in Ea that 
even if they appear, the decay rate of the metastable electroweak minimum into the 
global minimum is very suppressed, so that the lifetime of the metastable minimum 

^Scenarios of split supersymmetry with Fayet-Iliopoulos D-terms were considered before in im 

^This is not the only possibility and it is also possible to obtain a split spectrum by intersecting 
D 6 branes [23. 

■^In the conventional MSSM with low energy supersymmetry breaking, there are also charge and 
colour breaking minima appearing at tree level, due to the negative contribution to the effective 
potential from the trilinear soft terms. The smallness of the trilinear terms in split supersymmetry 
guarantees that these minima are not present. 
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is usually longer than the age of the Universe. In consequence, the constraints that 
would follow from requiring the absence of unbounded from below directions could be 
avoided if one accepts that our electroweak vacuum is a metastable minimum with 
a small cosmological constant. This hypothesis might look dubious, however, in the 
spirit of split supersymmetry, it could be justihed by some anthropic principle. Hence, 
the only constraints on the scalar spectrum that are robust are the ones discussed in 
this note, namely the possibility of radiative generation of tachyonic squark masses. 

4 Conclusions 

Split supersymmetry is a daring proposal to solve all the problems of the Supersym¬ 
metric Standard Model, while preserving the successes. The decoupling of the scalar 
particles, except for the Standard Model Higgs, suppresses flavour changing neutral 
currents, electric dipole moments and the rates for proton decay. Besides, imposing 
global symmetries to keep the gauginos and higgsinos light, preserves the nice features 
of gauge unihcation and the neutralino as a dark matter candidate. 

If this scenario is realized in nature, squarks and sleptons would not have any ob¬ 
servable effect in low energy processes, neither at tree level nor at the radiative level. 
However, we have remarked in this note that their spectrum is not totally uncon¬ 
strained, even though squarks and sleptons are completely decoupled at low energies, 
and we have discussed the implications for building models with split supersymmetry. 
We have shown that the structure of the vacuum depends crucially on the spectrum 
of squarks and sleptons, and we have derived the constraints that follow from the 
requirement of charge and colour conservation. To be precise, certain patterns of su¬ 
persymmetry breaking could induce radiatively tachyonic masses for the stops (and 
for the staus when tan/? is large), thus breaking electric charge and colour. In par¬ 
ticular, models with an intermediate supersymmetry breaking scale (fh ~ 10® — 10® 
GeV) are disfavoured with respect to the conventional MSSM scenario with low energy 
supersymmetry breaking (m ~ 10® GeV). We have also stressed that models with split 
supersymmetry probably require D-term supersymmetry breaking, leading in general 
to a non-universal spectrum where the constraints presented in this note are potentially 
dangerous. 
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